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Edited by Felix WielandAbstract Previous studies of the mucin-type O-glycome of the
fruit ﬂy Drosophila melanogaster have revealed a restricted pat-
tern of neutral core-type glycans corresponding to the Tn-(Gal-
NAca) and the T-antigen (Galb1-3GalNAca). In particular, no
extension of the core 1 glycan with acidic sugars, like sialic acid,
was detected. Here we report on the identiﬁcation of an acidic
O-linked trisaccharide expressed on secreted endogenous and
recombinant glycoproteins of the embryonal hemocyte-like Dro-
sophila Schneider-2 (S2) cell line. The glycan is composed of glu-
curonic acid, galactose and N-acetylgalactosamine and its
structure was determined as GlcA1-3Gal1-3GalNAc. The O-
linked trisaccharide resembles the peripheral structures of acidic
D. melanogaster glycosphingolipids. Glucuronic acid may substi-
tute for sialic acid in this organism, however its expression on the
S2 cell surface may only marginally contribute to the negative
surface charge as revealed by free-ﬂow cell electrophoresis prior
to and after b-glucuronidase treatment of the cells.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Drosophila melanogaster1. Introduction
Carbohydrate chains of glycoproteins and glycolipids carry
a wealth of information concealed in a highly diverse set of lin-
ear and branched polymer structures. The information stored
in the glycan chains controls a multitude of processes suchAbbreviations: EI, electron impact; ESI-MS, electrospray ionization-
mass spectrometry; FFE, free-ﬂow electrophoresis; IMAC, immobilized
metal chelate aﬃnity chromatography; GC/MS, gas chromatography–
mass spectrometry; Gal, galactose; GalNAc, N-acetylgalactosamine;
GlcA, glucuronic acid; Man, mannose; RP-HPLC, reversed phase high-
pressure liquid chromatography; DG, dystroglycan; S2, Schneider-2
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and disease. Comprehensive structural analyses provide keys
to decipher the code of the glycan moiety and glycomics – sys-
tematic analyses of the complete set of glycan structures ex-
pressed by a cell, tissue or organism – therefore has become
a major trend in postgenomic research [1]. Glycomic analyses
of the fruit ﬂy Drosophila melanogaster revealed restricted
patterns of N-linked sugar chains on proteins and simple
mucin-type O-glycans dominated by the T-antigen (Galb1-
3GalNAca) were found in embryonal tissues and cultivated
cells [2–4]. Glycosylation is a non-template driven synthetic
process directed by an orchestra of glycosyltransferases whose
individual cellular expression, topology and combined speciﬁc-
ities control the individual pattern of structures produced [5].
Acidic sugars are known to play vital roles in a variety of gly-
can environments and acidic Drosophila glycolipids were iden-
tiﬁed, nevertheless the presence of charged N- or O-linked
glycans has yet to be conﬁrmed [6]. After completion of the
genome indirect evidence for the existence of more complex
structures on glycoproteins was obtained by identiﬁcation of
orthologous Drosophila glycosyltransferase gene families
known to be involved in mammalian complex glycan forma-
tion [7]. A functional sialyltransferase of Drosophila suggests
the potential capability to synthesize sialylated glycans, but
their presence in vivo is still controversial and the functions
of the sialyltransferase therefore remains elusive [8]. Three
b1-3glucuronyltransferases with discrete functions in glycos-
aminoglycan and glycolipid synthesis were identiﬁed and two
isoforms were shown to eﬃciently use the T-antigen as accep-
tor substrate [9].
Here we report the ﬁrst example of an acidic mucin-type O-
glycan on secreted endogenous and recombinant glycopro-
teins of Drosophila Schneider-2 (S2) cells. Schneider-2 is an
embryonic hemocyte-like cell line that has emerged as a model
system to study hemocyte function [10]. In Drosophila these
specialized blood cells phagocytose microbes and conduct var-
ious other functions related to innate immunity. Schneider-2
cells do not express sialic acids on O-linked glycans [11],
and other acidic sugars are likely to substitute these, for exam-
ple by contributing to the negative surface charge. The acidic
glycan characterized in this study is composed of glucuronic
acid (GlcA), galactose and N-acetylgalactosamine in equimo-
lar proportions and its structure was determined as GlcA1-
3Gal1-3GalNAc thus resembling the peripheral structures of
acidic glycosphingolipids identiﬁed in Drosophila embryos [3].blished by Elsevier B.V. All rights reserved.
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2.1. Materials
All chemicals were purchased from Sigma–Aldrich and were of the
highest grade available. Exceptions are indicated in the text.2.2. Cell culture
Serum-free culture of Drosophila S2 cells was performed as described
previously [11].
2.3. Expression of recombinant glycosylation probes
The expression vectors encoding the fusion proteins Sgs1VH and
MUC1VH were generated as described in [11]. The ectodomain of
Drosophila dystroglycan (DG) was ampliﬁed by PCRusing the EST
clone LD 33152 (Invitrogen, Karlsruhe, Germany) with the sense pri-
mer 5 0-CTAGCGGCCGCATGAGATTCCAGTGGTTC-3 0 and the
anti-sense primer 5 0-CATGCGGCCGCGCCGAAAGAGGACTTA-
TGT-3 0 with NotI restriction sites. The PCR product was cloned into
the NotI site of the expression vector pAc5.1V5-His (Invitrogen).
Transfection and expression of the constructs in S2 cells was per-
formed as described previously [11].
2.4. Isolation of recombinant proteins from cell culture supernatant
The recombinant fusion proteins were puriﬁed by immobilized metal
chelate aﬃnity chromatography (IMAC) as described [12]. Further
puriﬁcation of Muc1VH and Sgs1VH was performed by reversed phase
high-pressure liquid chromatography (RP-HPLC) on C8 columns
essentially as described [12]. Puriﬁcation of DGVH was achieved by
gel permeation chromatography on a Superdex 200 HR10/30 column
using an A¨kta-FPLC system from Amersham Biosciences (Freiburg,
Germany). The sample was run in 50 mM ammonium hydrogen car-
bonate with a ﬂow rate of 0.5 ml/min. Eluting protein was detected
spectrophotometrically at 280 nm.
2.5. Isolation of endogenous proteins
Endogenous mucin-type O-glycoproteins from the cell culture
supernatant of serum-free growing S2-cells were isolated by serial lec-
tin aﬃnity chromatography as described in [11].
2.6. Monosaccharide composition analysis
Monosaccharide compositions were determined by GC/MS of
the trimethylsilylated (TMS) 1-O-methylglycosides [13] on a Fison
MD800 GC/MS (Thermo Fisher, Dreieich, Germany), equipped with
a 15 m RTX5-SILMS column (Restek, Bad Homburg, Germany).
After an isothermal phase at the initial temperature (100 C, 1 min),
a gradient of 6 C/min up to 260 C was applied. MS spectra were
registered by electron impact (EI) ionization at 70 eV. Relative masses
between m/z 100 and 700 were scanned every second at 400 V.
2.7. Isolation of oligosaccharides and permethylation of glycan alditols
To identify the core sugar and the oligosaccharide structures, the
glycan chains were released from the protein by reductiveb-elimination
as described [11]. Permethylation of glycan chains was performed by
sequential incubations of the dry samples with ﬁnely powdered NaOH
in DMSO and methyliodide as described [11].
2.8. Glycan analysis by collision-induced dissociation-electrospray
(QTOF) mass spectrometry
Electrospray ionization (ESI)-mass spectrometry (MS) data were ac-
quired according to a previously published protocol by static nano-
spray application of the samples and analysis of the protonated or
sodiated molecular ions on a QTOF2 instrument (Waters, Eschborn,
Germany) as described previously [14].
2.9. Linkage analysis of glycans
Partially methylated alditol acetates were prepared from permethy-
lated samples as described [14]. GC/MS analysis was performed on a
Fison MD800 GC/MS (Thermon Fisher), which was equipped with
a 15 m RTX5-SILMS column (Restek). The initial temperature was
60 C. The gradient was from 60 C to 100 C with 40 C/min followed
by 10 C/min up to 280 C. Masses were scanned between 100 and
450 Da.2.10. Colorimetric detection of glucuronic acid on the surface of S2 cells
6 · 108 S2-cells were harvested at 300 · g for 5 min, washed, and di-
luted in 0.5 ml PBS. After addition of 15 ll (2 U) b-glucuronidase
(Roche) cells were incubated for a maximum of 75 min at 37 C under
continuous agitation. Cells were pelleted at 300 · g and the released
glucuronic acid was detected in 250 ll of the supernatant by applica-
tion of the carbazol assay and measurement at 525 nm [15]. The assay
was calibrated by standard dilutions of GlcA ranging from 0 to 20 lg.
2.11. Free-ﬂow cell electrophoresis
FFE experiments were performed on a TECAN PRO TEAM FFE
apparatus in zonal electrophoresis mode. The chamber was equipped
with a 0.5 mm spacer and 0.8 mm ﬁlter paper and coated with 0.4%
HPMC prior to the experiment. All FFE media were used exactly as
described previously [16]. Separation of the cells was performed at
278 V and 272 mA at a temperature of 8 C. Media were pumped ver-
tically with 254 ml/h.
Cells were analysed untreated and pretreated with b-glucuronidase
as described above. Prior to FFE, 1 · 108 cells were washed, pelleted
at 300 · g and diluted in 1 ml separation medium. The sample was in-
jected at 0.74 ml/h via the middle inlet. Electrophoresed cells were col-
lected in a standard 96 well plate for 3.5 min and pelleted by
centrifugation at 500 · g for 5 min.The supernatant was discarded
and cell collection repeated for 4 times. Cells were detected by
OD580 nm -measurement in a standard ELISA-Reader.3. Results
This study was undertaken to characterize the O-glycosyla-
tion on Drosophila proteins expressed in the hemocytic cell
line S2. In particular, we were interested in the detection of gly-
cans representing extensions of the core 1 disaccharide, which
is the only reported complex O-linked glycan in Drosophila.
For this purpose, we analysed secreted glycoproteins from
the culture supernatant of S2 cells (referred to as endogenous
glycoproteins) and recombinant fusion proteins based on the
tandem repeat domain of human MUC1 (hMUC1VH), on
the tandem repeat domain of the Drosophila mucin Sgs1
(dSgs1VH) and on the ectodomain of the Drosophila dystro-
glycan (dDGVH).
3.1. Puriﬁcation of the fusion proteins
The V5- and His8 immunoreactive fusion protein dDGVH
corresponding to the ectodomain of dystroglycan fromD. mel-
anogaster was enriched from serum-free culture supernatant of
S2 cells by aﬃnity chromatography on nickel chelate. V5-
immunoreactive dDGVH was further puriﬁed by gel perme-
ation chromatography on Superdex 200 HR10/30 (not shown).
The eluate was analysed by gel electrophoresis of proteins in
each fraction revealing a silver-stained band at the apparent
molecular mass of approximately 200 kDa and absence of con-
taminating proteins in fractions A8 and A9. dDGVH in the
pooled fractions was identiﬁed in a western-blot as V5-reactive
protein with an apparent molecular mass of approximately
200 kDa and was demonstrated by DIG glycan detection to
be free of contaminating glycoproteins (not shown).
Puriﬁcation of endogenous S2-glycoproteins by serial lectin
aﬃnity chromatography and of the recombinant probes
dSgs1VH and hMUC1VH by nickel chelate aﬃnity chroma-
tography was described previously [11].
3.2. Analysis of O-glycosylation
3.2.1. O-glycan composition analysis of dDGVH. The com-
position of glycans on dDGVH was analysed after methanol-
ysis and formation of the 1-O-methylglycosides by GC/MS
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Fig. 1. Analysis of methylated trisaccharide alditol by ESI-MS/MS CID experiments and linkage analysis. The survey spectrum (A) reveals the
molecular ions M+H and M+Na of the disaccharide alditol Hex-HexNAc (m/z 512 and 534) and the trisaccharide alditol HexA-Hex-HexNAc (m/z
730 and 752). In (B) the MS/MS spectrum of the precursor ion at m/z 730 is shown together with a fragmentation scheme. Fragment ions were
annotated according to the nomenclature in [24]. (C) EI-mass spectrum of 1,3,5-tri-O-acetyl, 2,4,6-tri-O-methyl galactitol derived from O-linked
glycans on dDGVH.
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Fig. 2. (A) Free-ﬂow electrophoresis of Schneider-2 cells prior to and
after b-glucuronidase treatment. Cells were fractionated into a
microtitration plate and the optical density was measured at 580 nm:
(n) Untreated cells and (m) b-glucuronic acid treated cells. (B)
Kinetics of glucoronic acid release from the S2 cell surface. Cells were
treated with b-glucuronidase and the free glucuronic acid was
colorimetrically detected at 525 nm (carbazol assay).
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ment spectra of the monosaccharide derivatives allowed the
identiﬁcation of Gal, Man, GalNAc, and GlcA, indicating
the absence of N-linked glycans and the presence of mucin-
typeO-linked glycans together with the admixture ofO-linked
mannose on dDGVH. The latter was conﬁrmed after reductive
b-elimination by detection of Man-ol.
3.2.2. Sequence analysis of O-glycan alditols derived from
recombinant probes and endogenous glycoproteins. The perme-
thylated glycan alditols from dDGVH, dSgs1VH, dMUC1VH
and endogenous S2-glycoproteins were analysed by static
nanospray ESI-MS/MS on a QTOF2 instrument. The survey
spectrum of the dDGVH sample registered in the MS mode
(Fig. 1A) revealed the presence of two major components in
the mixture detectable at m/z 512 (M+H) or 534 (M+Na)
and 730 (M+H) or 752 (M+Na). The former ions corre-
sponded to a disaccharide alditol with the composition (Hex1
HexNAc1)-ol, the latter to a trisaccharide alditol composed
of (HexA1Hex1HexNAc1)-ol. Collision-induced dissociation
experiments revealed fragment spectra of the two species that
allowed unequivocal structural assignments. The protonated
molecular ion at m/z 512 yielded the B1 (219ﬁ 187), Y1
(294ﬁ 262) and the Z1 (276) fragment ions indicating the se-
quence Hex-O-HexNAc-ol (not shown). In conjunction with
data from composition analysis and methylation analysis, this
disaccharide alditol should be derived from the mucin-type
core 1 structure Gal1-3GalNAc, which represents an estab-
lished structure onD. melanogaster O-glycoproteins. The core
1 disaccharide represented the dominating species in all glyco-
protein samples under study.
The protonated molecular ion at m/z 730 yielded a series of
Bi fragments atm/z 233ﬁ 201 (B1), 437 (B2) and Yi fragments
at m/z 294ﬁ 262 (Y1), 498 (Y2), and the Z1 ion at m/z 276,
which match the sequence of a trisaccharide alditol HexA-O-
Hex-O-HexNAc-ol as depicted in Fig. 1B. MS/MS spectra
registered for the trisaccharide alditols derived from fusion
proteins hMUC1VH or Sgs1VH and from the endogenous
S2 glycoproteins revealed further evidence from intra ring frag-
mentation in support of the postulated sequence (Table 1). The
estimated relative amounts of the acidic glycan varied in the
four samples from about 10 to 30% of total O-linked glycans.
3.2.3. Linkage analysis by GC–MS of partially methylated
alditol acetates. PermethylatedO-glycan alditols were hydro-
lyzed, reduced with sodium borodeuteride and acetylated to
the partially methylated alditol acetates, which were identiﬁed
by GC/MS. While a partially methylated derivative of glucu-
ronic acid (1,5-di-O-acetyl) was not detectable, the presence
of 2,4,6-tri-O-methyl, 1,3,5-tri-O-acetyl galactitol was con-Table 1
Fragment ions registered in ESI-MS/MS (CID) experiments in support of th
Molecular ion precursor Glycoprotein sample
dDGVH hMUC1VH
M+H (m/z 730) B1, B1-32, Y1,
Y1-32, Z1, B2,
Y2,
M+Na (m/z 752) Z1, Y1, B2, C
Y2,
1,3AGal,
2
aDesignation of fragment ions according to Domon and Costello [24].ﬁrmed and indicated that the subterminal sugar in the trisac-
charide GlcA-Gal-GalNAc was substituted at C3 (Fig. 1C).
The core 1 structure of the glucuronic acid-substituted disac-
charide was proven by the detection of 1,4,5,6-tetra-O-methyl,
3-mono-O-acetyl N-acetylgalactosaminitol.
3.3. Glucuronic acid contributes only marginally to the negative
surface charge of Schneider-2 cells
The detection of a glucuronic acid containing O-linked gly-
can in Schneider-2 cell glycoproteins led to the question
whether this acidic sugar might functionally substitute for sia-
lic acid and contribute to themaintenance of a negative surface
charge of the cells. Therefor we undertook cell separation stud-
ies by free-ﬂow electrophoresis (FFE) prior to and after b-glu-
curonidase treatment of the S2 cells. Kinetics analyses of cell
supernatants revealed that within1 h about 2 lg of glucuronic
acid was enzymatically cleaved from 1 · 108 cells (Fig. 2B).
Treatment of the cells with Clostridium perfringens sialidase
did not liberate detectable amounts of sialic acid during the
same time period. On FFE of native S2 cells the majority of
single cells was collected over a narrow range of fractions indi-
cating a minor heterogeneity of surface charges (Fig. 2A).e methylated trisaccharide alditol HexA-Hex-HexNAc-ola
Sgs1VH S2-endogenous
B1, B1-32, Y1, B1, B1-32, Y1,
Y1-32, Z1, B2, Y1-32, Z1, B2,
Y2 Y2
2, Z1, Y1, B2, C2,
,5AGalNAc Y2,
1,3AGal,
1,4AGal,
1,4XGal,
1,5AGal
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bution broadened and shifted marginally towards the cathode
indicating reduced average surface charges of the cells.
Accordingly, plasmamembrane bound, enzymatically cleav-
able glucuronic acid does not signiﬁcantly contribute to the
negative surface charge of S2 cells.4. Discussion
Structural studies of Drosophila glycoproteins with respect
to O-linked glycans are rare. Analysis of a mucin-type glyco-
protein from Drosophila embryonic stem cells revealed that
about 40% of the molecular mass was represented by the T-
antigen disaccharide Galb1-3GalNAc occupying about a half
of the total number of Ser/Thr residues [2]. The data on indi-
vidual glycoproteins are in agreement with a recent glycomic
study of Drosophila embryos [4], which conﬁrmed T- (core 1)
and Tn-antigens as the only structures in the fraction of O-
linked glycans. No elongations of the core 1-disaccharide or
peripheral substitutions with fucose or sialic acid were de-
tected. In the present study we obtained structural evidence
for the existence of b-glucuronic acid extensions of the core
1-disaccharide expressed on endogenous secreted glycoproteins
from Drosophila Schneider-2 (S2) cells and on a series of re-
combinant proteins. The structure of the acidic trisaccharide
GlcA1-3Gal1-3GalNAc is not unique in this invertebrate
organism, since previous studies have demonstrated its pres-
ence in oviducal mucins from several Rana species [17–19]
and structurally related glycans were found in Caenorhabditis
elegans [20].
In Drosophila the transfer of GlcA to C3 of galactose is
likely to be catalyzed by two b-glucuronyltransferases (DmGl-
cAT-BSI and DmGlcAT-BSII) exhibiting broader substrate
speciﬁcities [9]. These enzymes presumably play a role in the
synthesis of the GAG-protein linkage region in Drosophila,
but could also be involved in various GlcA transfer reactions
to terminal, non-reducing b1-3, and b1-4 linked Gal residues.
Terminal GlcA modiﬁcations play important roles in the
Drosophila development, in particular of the nervous system.
Carbohydrate binding proteins, which could interact with the
newly described glycans were identiﬁed [21]. Gliolectin prefer-
entially binds Drosophila glycosphingolipids whose common
element is a non-reducing terminal GlcAb1-3Gal. The lectin
is expressed by a subpopulation of glial cells at the midline
of the developing nervous system, where it is positioned to
facilitate early axon pathﬁnding across the embryonic midline.
The newly described glycan is structurally related to a develop-
mentally regulated sulfo-glycan in mammalian tissue, the
HNK-1 antigen. This carbohydrate epitope is characteristi-
cally expressed on a series of cell adhesion molecules and also
on some glycolipids in the nervous system over a wide range of
species. It is involved in cell–cell and/or cell–substrate
interaction during neural development. The HNK-1 antigen
is identical to the sulfated trisaccharide SO4 -3GlcAb1-
3Galb1-3GalNAc, however, also a non-sulfated form of the
antigen was found in mouse kidney [22].
Despite its structural resemblance with the HNK-1 antigen
the Drosophila glycan may serve distinct functions in the ﬂy.
Glucuronic acid could substitute for sialic acids in cells or tis-
sues from species, where this sugar is not synthesized. Hence it
could contribute to the negative surface charge of S2 cells asaddressed in this study. However, the contribution of glucu-
ronic acid to the net surface charge of S2 cells was found to
be of minor signiﬁcance. The literature referring to the pres-
ence of sialic acid in Drosophila is controversial. A recent re-
port questions the principal absence of sialic acid in fruit
ﬂies by revealing structural evidence for a hybrid-typeN-linked
glycan with terminal sialic acid [23]. However, with reference
to mucin-type O-glycosylation there is no chemical evidence,
which supports sialic acid substitution of Drosophila glycans.
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